Ions formed from lipids during electrospray ionization of crude lipid extracts have been mass-selected within a quadrupole linear ion trap mass spectrometer and allowed to react with ozone vapor. Gas-phase ion−molecule reactions between unsaturated lipid ions and ozone are found to yield two primary product ions for each carbon−carbon double bond within the molecule. The mass-to-charge ratios of these chemically induced fragments are diagnostic of the position of unsaturation within the precursor ion. This novel analytical technique, dubbed ozone-induced dissociation (OzID), can be applied both in series and in parallel with conventional collision-induced dissociation (CID) to provide near-complete structural assignment of unknown lipids within complex mixtures without prior fractionation or derivatization. In this study, OzID is applied to a suite of complex lipid extracts from sources including human lens, bovine kidney, and commercial olive oil, thus demonstrating the technique to be applicable to a broad range of lipid classes including both neutral and acidic glycerophospholipids, sphingomyelins, and triacylglycerols. Gas 
Abstract
Ions formed from lipids during electrospray ionization of crude lipid extracts have been mass-selected within a quadrupole linear ion trap mass spectrometer and allowed to react with ozone vapor. Gas phase ion-molecule reactions between unsaturated lipid ions and ozone are found to yield two primary product ions for each carbon-carbon double bond within the molecule. The mass-to-charge ratios of these chemically induced fragments are diagnostic of the position of unsaturation within the precursor ion. This novel analytical technique, dubbed Ozone Induced Dissociation (OzID), can be applied both in series and in parallel with conventional collision induced dissociation (CID) to provide near complete structural assignment of unknown lipids within complex mixtures without prior fractionation or derivatization. In this study, OzID is applied to a suite of complex lipid extracts from sources including human lens, bovine kidney and commercial olive oil, thus demonstrating the technique to be applicable to a broad range 
Introduction
Modern, high throughput lipid analysis techniques are increasingly reliant on tandem mass spectrometry to undertake both the isolation and the structural identification of individual lipids within complex mixtures. In the "shotgun" lipidomic approach a crude lipid extract is subjected to direct analysis by electrospray ionization with little or no prior chromatographic purification. 1, 2 An individual lipid is then mass-selected and interrogated by collision induced dissociation (CID) whereby a growing knowledge-base of fragmentation behavior can be brought to bear in the assignment of molecular structure. This approach has proved particularly effective in phospholipid analysis, where the lipids ionize readily and CID data are easily interpreted to yield information on lipid class and the total number of carbons and double bonds of any esterified fatty acids. 3, 4 This approach to lipid analysis is rapidly gaining popularity due to its combination of speed and sensitivity. Software packages currently in development also offer great promise for automated interpretation of the large volumes of data generated by the mass spectrometer. 5, 6 It is significant to note however, that in most cases conventional CID of lipids does not provide information on the position of carbon-carbon double bond(s).
Significantly, the conventional negative ion CID spectra of the 
Methods

Materials and sample preparation
All synthetic phospholipid standards were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL) and were used without further purification. 
Ozone generation
A HC-30 ozone generator (Ozone Solutions, Sioux Center, Iowa, USA) was used for the production of ozone. Oxygen pressure was set to 20 psi and the ozone generator set to a power output of 68 (arbitrary units). To produce high concentration ozone, the oxygen flow rate was set at 400-500 mL/min for 20-30 minutes before the flow rate was decreased to between 30-40 mL/min for several minutes prior to ozone collection. The resulting ozone/oxygen mixture (12% v/v by titrimetric analysis) was collected in a 10 mL disposable, ozone-resistant plastic syringe (Livingstone). Warning: Ozone is a toxic gas and was produced in a fumecupboard. Excess ozone was destroyed by bubbling through an aqueous solution of sodium thiosulfate, sodium iodide and vitex indicator.
Only ozone compatible materials were used. Rubber is not suitable.
Instrumentation
OzID experiments were performed using a modified ThermoFinnigan LTQ iontrap mass spectrometer (San Jose, CA). The instrument modification involved bypassing the helium splitter to make a direct connection between the helium supply and the ion trap with the helium flow rate controlled using a metering flow valve. Ozone was introduced by attaching a plastic syringe containing ozone to a PEEKsil tubing restrictor (100 mm L x 1/16" OD x 0.025 mm ID, SGE) connected to the helium supply line via a shut-off ball valve and T-junction downstream of the metering flow valve. Backing pressure was applied to the syringe using a syringe pump set to 25 µL/min. In the experiments, the helium flow rate was adjusted so that the ion gauge pressure read approximately 0.8 x 10 -5 Torr with the addition of oxygen and ozone (although this may not be an accurate pressure reading since the ion gauge is calibrated for helium). This measured manifold pressure corresponds to an estimated total pressure of 2.5 mTorr within the ion trap and was found to provide optimal performance in mass accuracy, peak shape and ion abundance. An isolation width of 2-3 Th was used to isolate the ion of interest, and a trapping time of 10 s was used to generate all OzID spectra with the exception of Figure 7d that was acquired with a 30 ms trapping time. For sodiated phosphocholine containing ions, two isolation steps were found to be useful in removing a collision induced fragment ion (59 Da neutral loss) from the spectra. This was done by using an isolation width of 2-3 Th, followed by an isolation at 10 Th with a trapping (activation) time of 10 s. In most cases 50 scans were acquired and averaged to obtain a sufficient signal-to-noise ratio.
Results and Discussion
OzID of Phosphatidylcholine Cations
Electrospray ionization of a methanolic solution of the commercially available phosphatidylcholine standard, GPCho ( 15 , in model membranes 16 and in the ionization source of various mass spectrometers. 8, 13, 17 The m/z 672 ion is therefore confidently assigned as the sodium adduct of the aldehyde, 2-(9-oxononanoyl)-1-palmitoyl-sn-glycero-3-phosphocholine.
The second chemically induced fragment ion at m/z 688 appears 16 Da to higher mass than the aldehyde, representing an overall neutral loss of 94 Da from the precursor ion.
This ion has the correct mass-to-charge ratio for the elusive carbonyl oxide intermediate formed from the decomposition of the primary ozonide according to Criegee's famous mechanism (Scheme 1). 18, 19 It is unclear, however, if this ion has the carbonyl oxide moiety or whether rearrangement of the carbonyl oxide results in a more stable isomer such as the carboxylic acid or vinyl hydroperoxide indicated in Scheme 1. The CID spectrum of the m/z 672 ion (data not shown) reveals only fragment ions characteristic of a sodiated phosphatidylcholine 20, 21 and thus provides no clues as its structural identity.
Work is currently underway to probe the structure of this ion but this falls outside the scope of the current paper as the absence of a definitive molecular structure does not diminish the analytical utility of this fragmentation pathway. Given that the structure of this ion remains ambiguous however, we refer to it herein only as the "Criegee ion" in reference to Criegee's mechanism for ozonolysis. 18, 19 Less abundant ions at m/z 613, 629 and 830 are also observed in Figure 1 [ Figure 3 ]
OzID of Glycerophospholipids From a Cow Kidney Lipid Extract
The selected examples provided thus far, demonstrate that when applied to lipid standards of known structure the OzID spectrum can unambiguously confirm the position of unsaturation. The major advantage of OzID over previous methods for the elucidation of double bond position however, is that the experiment is performed on mass-selected ions and thus should be applicable to the characterization of unknown lipids present in complex mixtures. Ongoing investigations within our laboratory involve the analysis of lipid extracts from a range of biological sources. 23, 24 Lipid extracts from bovine kidney are typical of those encountered in our research (and that of many other groups) that include a range of phospholipid classes with varying degrees of unsaturation.
The negative ion ESI-MS spectrum of a bovine kidney lipid extract is shown in (Figure 4c ). This observation indicates that the nature of the phospholipid headgroup strongly influences the final product branching ratio possibly via base-induced decomposition mechanism. We have previously shown that the gas phase basicity of GPEtn is significantly greater than that of GPIns and as such, differences in product distributions may be anticipated in charge driven fragmentation processes occurring within the phospholipids. 26 These observations combined with the comparative reaction efficiencies for different cation adducts (see above) provide further evidence for the participation of the charge in the ozonolysis reaction.
[ Figure 4 ]
OzID of Abundant Phospholipids Within a Human Lens Lipid Extract
The positive ion ESI-MS spectrum of a lipid extract from a human lens is shown in Figure 5 (a) with most of the ions observed corresponding to sodium adducts of either phosphatidylcholines or sphingomyelins. In this spectrum, the two major ions observed are at m/z 727 and m/z 837 that can be assigned based on mass alone to sodium adducts of the sphingomyelins. CID spectra of these ions identify them as dihydrosphingomyelins with 16:0 and 24:1 fatty acids bound to the sphinganine backbone (data not shown). 27 Based on ESI-MS and CID analyses alone however, the structure of the most abundant unsaturated phospholipid in the human lens would be assigned as the dihydrosphingomyelin, SM(d18:0/15Z-24:1), where the amide linked fatty acid is assumed to be the n-9 nervonic acid (15Z-tetracosenoic acid) based on its previous observation in mammalian tissues. 28 [ Figure 5 ]
The negative ion ESI-MS spectrum of a lipid extract from a human lens is shown in Figure 6 (a) revealing a suite of deprotonated phospholipid ions. While one must be careful in using relative ion abundances as a measure of lipid concentrations, 30 water loss from the Criegee ion at m/z 398, the loss is similar to that observed for Criegee ions formed from the unsaturated phosphatidylglycerol ( Figure 3 ). The complete structural characterization of this unusual lipid is beyond the scope of the current study and will be published elsewhere.
In addition to the analytical utility described above, the OzID spectrum in Figure   6 (c) reveals several other interesting features. Firstly, the relative abundance of aldehyde versus Criegee ions shows a clear preference for the latter consistent with other phosphatidylethanolamines discussed earlier (e.g., Figure 4c ). Furthermore, with the CID-OzID establishing the different position of unsaturation in each of the two carbon chains, it is interesting to note the relative abundance of the two pairs of fragment ions.
The observation that the n-9 ions (m/z 634 and 618) are noticeably more abundant than the n-7 ions (m/z 646 and 662) may result from differing exposure of the two olefinic sites to ozone in the gas phase conformation of the lipid. If this could be established with certainty such spectral differences might be exploited for assignment of the relative position of the fatty acid chains on the glycerol backbone. Such nuances in OzID spectra provide fertile ground for future investigations.
[ Figure 6 ]
OzID of Triacylglycerols
Triacylglycerols are an important and abundant class of lipid whose structural 
